S tudies of the mutation spectrum and prevalence of IEM in the Middle East and North Africa (MENA) are still insufficient. 1 These disorders, which are usually autosomal recessive, are more frequent in the MENA region due to "founder mutations" and consanguinity. 2 The primary objective of this study was to provide data from the United Arab Emirates (UAE) that justify initiating prevention programmes, such as premarital screening and counselling. These data are also required to assess the impact of managing these patients within the UAE health systems.
The population of Emiratis is ethnically diverse, claiming ancestry from the Arabian Peninsula, Persia, Baluchistan and East Africa. Emirati society consists of at least 70 distinct tribes. Despite the ethnic diversity, inter-tribal marriages are much less common than intra-tribal ones. 3 In 2010, the UAE's population was estimated at 8,264,070; 87% of this population was expatriate. 4 In 2011, the total live birth in UAE was 83,950, of whom only 40% were Emiratis. 5 The Center for Arab Genomic Studies reports 334 genetic diseases in the UAE, including IEM, congenital anomalies and mental retardation. 6 Moreover, the prevalence and mutation spectrum of LSD in the UAE was recently reported and compared with published data from Western countries. 7, [9] [10] [11] This study was designed to report on other IEM entities among Emiratis.
Methods
This project was approved by the Al-Ain Medical Human Research Ethics Committee (protocol #12/59). The study's population did not include patients who had received treatment exclusively abroad as they represent an unknown number of patients, nor did the study include the 22 patients managed at the Latifa Hospital in Dubai.
For calculating the disease birth prevalence, all citizens of the UAE with IEM (excluding those with LSD) who were evaluated between January 1995 to December 2011 at Tawam Hospital, the only metabolic referral center in Abu Dhabi, were included. The mutation spectrum for non-LSD IEM included all patients evaluated from January 1995 to May 2013.
The diagnosis of IEM was based on the clinical findings and screening tests, and was confirmed by biochemical and/or genetic studies. In many patients, the diagnosis was also supported by family studies.
Direct genomic sequencing and multiplex ligation-dependent probe amplification (MLPA) studies for deletion/duplication mutations of IEM genes were performed by accredited genetic diagnostic laboratories. Novel variants were verified by extended family genetic testing as well as damage-prediction assessment using three different prediction tools: SIFT (Sorting Intolerant From Tolerant), 12 PolyPhen-2 (Polymorphism Phenotyping Version 2) 13 and MutationTaster. 14 The estimated birth prevalence of each disease was calculated as the number of patients with a specific disease divided by the total number of Emirati live births in the UAE during the birth period (the time interval between the year of birth of the oldest patient and the year of birth of the youngest patient). 10 The birth prevalence of a single patient was calculated as one divided by the number of total Emirati live births in the UAE between 1995 and 2011. 11 The affected deceased siblings and fetuses that had not been evaluated at the Metabolic Center were not included in this study. The number Advances in Knowledge -The birth prevalence of inborn errors of metabolism (IEM) among Emiratis is 75.24 per 100,000 (1 per 1,329 live births).
-Of the 62 mutations identified in this study, 29 (47%) have so far been reported only in Emiratis.
-The most prevalent IEM in the United Arab Emirates (UAE) are biotinidase deficiency; tyrosinaemia type 1; phenylketonuria; propionic aciduria; glutaric aciduria type 1; glycogen storage disease type Ia, and mitochondrial deoxyribonucleic acid depletion.
Application to Patient Care -The high prevalence of IEM in the UAE justifies implementing intensive prevention programmes that incorporate genetic counselling and screening.
-The prevention of IEM requires premarital and prenatal testing, as well as counselling.
-Early detection through newborn screening will improve patient outcomes, although prevention of these IEM is the ultimate goal.
-Prevention programmes will decrease the burden of IEM on the UAE's health system. of live births per year was obtained from the UAE National Bureau of Statistics but data were available only up to 2011. 4 However, the mutation spectrum of patients who were diagnosed after 2011 was also included.
Results
Excluding those with LSD, 37 distinct IEM were diagnosed in the 124 patients between January 1995 and May 2013. Mutation analysis was performed on 108 (87%) patients. In 43 tribes, 62 mutations were found, with most of the reported mutations being homozygous.
Five patients with biotinidase deficiency had compound heterozygous mutations, and two siblings with lysinuric protein intolerance had two homozygous mutations. The remaining 103 (95%) patients had homozygous mutations. As of the date of this study, 29 (47%) of the mutations had been reported only in Emiratis [ Table 1 ].
Biotinidase deficiency (BTD, c.1330G>C) and phenylketonuria (PKU) (PAH, c.168+5G>C) occurred in three separate tribes. Isovaleric aciduria (IVD, c.1184G>A) and propionic aciduria (PCCB, c.990dupT) occurred in two separate tribes. The two tribes with propionic aciduria were originally from Oman. The remaining 58 (94%) mutations occurred in individual tribes [ Table 1 ]. The 29 mutations unique to the UAE point to a "founder effect".
Diseases with a prevalence of 2.2-4.9 per 100,000 live births were biotinidase deficiency; tyrosinaemia type 1; PKU; propionic aciduria; glutaric aciduria type 1; glycogen storage disease type Ia; mitochondrial deoxyribonucleic acid (DNA) depletion; melanocortin 4 receptor deficiency, and chloride diarrhoea [ Table 1 ].
Diseases with a prevalence of 1.1-1.9 per 100,000 live births were isovaleric aciduria; fructose 1,6-bisphosphatase deficiency; glutaric aciduria type II; lipoamide dehydrogenase deficiency; alphamethylacyl-CoA racemase, and neonatal diabetes [ Table 1 ].
Diseases with a prevalence of ≤0.98 per 100,000 live births were alkaptonuria; sulfite oxidase deficiency; nonketotic hyperglycinaemia; maple syrup urine disease; 3-methylcrotonylglycinuria; carbamoyl phosphate synthetase deficiency; citrullinaemia type 1; argininosuccinate lyase deficiency; lysinuric protein intolerance; cobalamin B deficiency; cobalamin C deficiency; pyridoxinedependent seizures; medium-chain acyl-CoA dehydrogenase deficiency; carnitine deficiency; 3-ketothiolase deficiency; lipoamide dehyrogenase deficiency; adrenoleukodystrophy; Zellweger syndrome; bile acid disorder; progressive familial intrahepatic cholestasis; Crigler-Najjar syndrome; osteopetrosis, and butyrylcholinesterase deficiency [ Table 1 ].
Discussion
The UAE has a very high net migration rate, making it challenging to estimate the birth prevalence of a disease as a ratio of the entire population, so this study only estimated the birth prevalence of IEM among Emiratis. 5
Intra-tribal marriages are dominant in the UAE, occurring in over 50% of unions. First-cousin marriages account for about 30% of those cases. 3 The mutation spectrum and birth prevalence of LSD among Emiratis has recently been reported, focusing on other IEMs in the same population [ Table 1 ]. 6, 7 The main purpose of this study was to provide data that justify implementing prevention programmes, such as prenatal and premarital screening and counselling. The results show a birth prevalence for non-LSD IEM of 48.37 per 100,000 (1:2,067 live births) [ Table 1 ], giving an overall IEM birth prevalence (LSD and non-LSD) of 75.24 per 100,000 (1:1,329 live births). 7 This level of occurrence justifies the need for intensive prevention programmes. The data also point to the need for prenatal and premarital genetic testing and counselling.
The overall disease prevalence of IEM in British Columbia, Canada, is about 40 patients per 100,000 live births (1:2,500 live births); the prevalence in Italy (1985-1997) is 1:3,707 live births. 15, 16 The prevalence of classical IEM of amino acids, organic acids and fatty acid oxidation in Hong Kong is 1:4,122 live births. 17 In our study, 62 distinct mutations were identified [ Table 1 ]. Most mutations (95%) were homozygous, and 19 mutations were novel, not having been reported previously. As mentioned earlier, 29 (47%) have so far only been reported in Emiratis [ Table 1 ].
The Centre for Arab Genomic Studies (CAGS) Table 1 . The remaining four disorders (argininaemia, mevalonic aciduria, homocystinuria and Menkes disease) occurred in the UAE, but data are lacking on whether these disorders exist in Emiratis or people of other nationalities. The 28 additional non-LSD IEM [ Table 1 ] entities need to be included in the Catalogue of Transmission Genetics in Arabs database. 8 Several IEM mutations in Middle Eastern populations have been reported. 6, [18] [19] [20] [21] In the case of isovaleric aciduria, three mutations (p.R392H, p.R395Q and p.F382fs) were reported in four unrelated Emirati families and one mutation (p.E408K) in an Egyptian family. 20 Alkaptonuria, due to the single nucleotide deletion of c.342delA (c.174delA), was reported in a family from Al Ain, UAE; the allelic prevalence was estimated at about 1%. 21 In the UAE, screening began for PKU in 1995, for congenital hypothyroidism in 1998, sickle cell disease in 2002, congenital adrenal hyperplasia in 2005 and biotinidase deficiency in 2010. [22] [23] [24] The Expanded National Neonatal Screening Programme, implemented in 2011, covers over 90% of all neonates. It includes amino acid disorders (PKU, maple syrup disease, citrullinaemia type I and argininosuccinic aciduria); organic acid disorders (isovaleric aciduria; HMG-CoA lyase deficiency; beta-ketothiolase deficiency; glutaric aciduria type I; propionic aciduria, and methylmalonic aciduria) and fatty acid oxidation disorders (medium-chain acyl-CoA dehydrogenase deficiency). The registry for congenital anomalies and hereditary disorders, along with premarital genetic testing and counselling, were started in 1999. 23 Biochemical studies can identify most IEM. The limitations to this approach, however, include the invasive sample collection (skin, liver or muscle biopsy), the limited availability of clinically accredited biochemical diagnostic laboratories and the need for relatively laborious analyses. Thus, the current clinical practice relies on combining biochemical and genetic studies.
Identifying a mutation confirms the diagnosis, allows screening for asymptomatic family members, supports pre-implantation genetic programmes and may influence patient management. For example, 25 In our practice, only ~50% of patients with c.168+5G>C responded to sapropterin and none of the patients with c.782G>A or c.970-2A>G responded to this treatment. As shown in Table 1 , the most prevalent diseases in the UAE are biotinidase deficiency; tyrosinaemia (type 1); PKU; propionic aciduria; glutaric aciduria type 1; glycogen storage disease type Ia; mitochondrial DNA depletion; melanocortin 4 receptor deficiency and chloride diarrhoea. Of the seven patients with biotinidase deficiency, most had a partial deficiency. When mutation analysis was performed on six patients, only one had a homozygous mutation with partial enzyme deficiency, while the other five carried compound heterozygous mutations (all born to parents of different tribes). Six of the seven patients were diagnosed by newborn screening after 2012, reflecting a high carrier frequency. Two siblings with lysinuric protein intolerance had two different homozygous mutations [ Table 1 ]. The remaining patients had homozygous mutations.
Ten novel missense mutations were reported in this study [ Table 1 ], all in patients with clinical and/ or biochemical findings consistent with the disease. Future studies are needed to explain the functional effects associated with each of these mutations.
Two mutations (involving biotinidase deficiency and PKU) each occurred in three separate tribes. Two mutations (involving isovaleric aciduria and propionic aciduria) each occurred in two separate tribes. The remaining 58 mutations (94%) each occurred in individual tribes [ Table 1 ]. The need for effective premarital testing and counselling and prenatal/pre-implantation genetic diagnoses was highlighted by the 19 families with more than one affected child.
This study reports 62 mutations. The 19 novel mutations that had not been previously reported are identified in Table 1 in bold. The 10 mutations that have been previously reported only in Emiratis are denoted by double asterisks in Table 1 . [17] [18] [19] [20] The remaining 33 mutations are known mutations, which are available at the Human Gene Mutation Database. 26 Identifying mutations allows the screening of asymptomatic family members and also supports pre-implantation genetic programmes. In the future, incorporating mutation analysis into newborn screenings as a second-tier test will decrease the number of false-positive cases and facilitate early treatment. Nevertheless, disease prevention remains the ultimate goal.
This study has some limitations. First, the birth prevalence of IEM was estimated based only on patients who presented clinically or were referred by the National Newborn Screening Programme. Tawam Hospital is the UAE's only referral center for metabolic diseases, and the 22 Emirati patients referred to Latifa Hospital were not included in this study. Thus it is possible that some patients who may have IEMs were not included in this study.
Second, the UAE's expanded National Newborn Screening Programme only started in 2011 so the population that has been screened for newborn IEM is limited. Third, patients who were born in 2012 and 2013 were not included in the calculation of disease prevalences since the total live births for those years were not yet available at the time of writing. Therefore, the reported IEM birth prevalences in Table 1 should be considered as rough estimations.
Fourth, the IEM disorders in Table 1 were diagnosed primarily by biochemical studies, which is the gold-standard approach. The mutation analyses were done by an accredited laboratory and the novel missense variants were not investigated by functional assays, such as expression analyses. Preferably, chromosomes originating from Emirati tribes should be studied to verify whether the sequence variants represented polymorphisms versus disorders. Thus, the responsibility of some mutations for causing a disease may require future studies.
Conclusion
The estimated birth prevalence of IEM among Emiratis is 75.24 per 100,000 (1 per 1,329 live births). Distinct IEM (n = 57) and 101 mutations have been identified thus far. These data strongly point to the need for genetic counselling and screening. Identifying mutations unique to the UAE will allow for more effective pre-implantation genetic testing and premarital testing in order to prevent further cases from occurring within families. Early detection through newborn screening and treatment may prevent irreversible organ damage.
However, in spite of the possibility of treatment, the prevention of genetic diseases should remain the ultimate goal.
